) systems in maintaining the original canal profile in straight and curved parts after apical preparations up to size 40. Methods: Resin blocks with simulated curved canals were randomly assigned to five groups: PTU, PTN, R, WO and TFA. Images were captured from each block before and after canal preparation (n=10). Assessment of canal transportation was obtained for the straight and curved parts of the canal. ANOVA followed by Tukey's test was used (α = 5%). Results: Transportation values were increased at the curved part (P = .00). For both canal levels, TFA system induced the lowest mean of canal transportation followed by PTN, R, WO and PTU systems. At the straight portion, transportation for R and TFA systems were similar (P > .05), and these values were significantly lower than for WO, PTN and PTU (P = .00). At the curved portion, TFA resulted in less canal transportation, followed by PTN, R, WO and PTU systems (P = .00). Conclusions: TFA system produced less canal transportation than other systems tested during large apical preparations.
Introduction
Root canal shaping is considered one of the most challenging tasks during endodontic treatment. Although several techniques were developed to minimize errors arising from root canal instrumentation 1 , accidents such as zips, ledges, root perforation and canal/apex transportation can occur, especially in narrow and curved canals 2, 3 . Overall, nickel-titanium (NiTi) instruments have improved canal preparation procedures and reduced the odds of iatrogenic defects 4, 5 . Briefly, NiTi files have improved mechanical canal preparation by offering better centering ability, less extrusion of debris and a reduced learning curve for the clinician 4, 5 . Further developments of novel NiTibased root canal preparation systems have been primarily centered on modifications in instruments design, alloy and shaping movements.
Canal preparation with reciprocating movement has been shown to reduce file fracture [6] [7] [8] . The reciprocation-based systems available on the market Reciproc (R) (VDW, Munich, Germany) and WaveOne (WO) (Dentsply Maillefer, Ballaigues, Switzerland)] allow single-file preparation for the entire root canal, thus requiring less time when compared to multi-file rotary systems. These files are made of a new NiTi alloy (M-wire), that in conjunction with the reciprocating kinematic, provided an increase in flexibility and an improved resistance to cyclic fatigue 8 . Recently, the Twisted File Adaptive system (TFA) (SybronEndo; Orange, CA, USA) has been introduced onto the market. In theory, this system claims to maximize the advantages of using the reciprocation movement while downgrading possible disadvantages associated with this kinematic. The TFA system uses a patented unique motion technology, which automatically adapts the movement according to the instrumentation stress input to the file. According to the manufacturer, when stresses are imposed to the TFA instrument inside the canal, the motor performs a conventional clockwise movement, allowing better cutting efficiency and removal of debris. In contrast, during increased torsional stress, the movement automatically changes into a reciprocation mode. Furthermore, TFA files have three unique design features: a special surface conditioning, an R-phase heat treatment and a twisting of the metal 9, 10 . Recent scientific evidence shows that larger apical canal preparations promote more effective irrigation into the apical area, improved infection control and better quality of the root fillings [11] [12] [13] . However, limited data regarding canal transportation after larger apical preparations using these new NiTi systems are available. Thus, the aim of this study was to assess the ability of rotary [ProTaper Universal (PTU) (Dentsply Maillefer) and ProTaper Next (PTN) (Dentsply Maillefer)], reciprocating (R and WO) and adaptive (TFA) systems in maintaining the original profile in straight and curved parts of the canal after apical preparations up to size 40. The null hypothesis tested was that there would be no differences in canal transportation values among the tested systems.
Material and methods

Digital image acquisition
A total of sixty Endo Training ISO 15 simulated curved canals in clear resin blocks (Dentsply Maillefer) with 2% taper, 70° angle of curvature, 10-mm radius of curvature and 17-mm length were assigned to five experimental groups and one control group (n = 10) according to the system used for canal preparation: PTU, PTN, R, WO and TFA. A circular base with a rectangular slot matching the resin block dimensions was inserted into the microscope base used to record the digital images (1005t Opticam stereomicroscope; Opticam, São Paulo, Brazil). After that, each specimen was positioned again in the slot, and color images were obtained and saved in TIFF format using a dedicated digital camera (CMOS 10 megapixels; Opticam). After the preparation procedures, new images were taken from each block following the same described protocol. In order to check the accuracy of the repositioning method, ten resin blocks were used as a control group where no canal preparation was performed. In this group, two stereoscopic images of each block were taken after consecutively inserting and removing each specimen from the silicon slot 14 .
Canal preparation
In all experimental groups, a 15 K-file (Dentsply Maillefer) was used to scout the canal up to the working length (WL) in order to create an initial and standardized glide path. After that, each system was used in the following manner:
PTU. PTU instruments were used at 300 rpm and 2 Ncm torque (Silver Reciproc; VDW). The following sequence was R. R40 (40/0.06) instruments were used at the pre-setting program (RECIPROC ALL) powered by a torque-controlled motor (Silver Reciproc). The instrument was gradually advanced in the root canal using pecking motion with a 3 mm amplitude limit. After 3 complete pecking movements, the instrument was removed from the simulated canal and were cleaned using a sponge.
WO. WO Large (40/0.08) files were used similarly to the R group, under WAVEONE ALL pre-setting program.
TFA. The instruments were used under TFA motion (Elements Adaptive motor; SybronEndo). The following sequence was used: SM1 (20/0.04; full WL), SM2 (25/0.06; full WL), SM3 (30/0.06; full WL), SM4 (35/0.06; full WL) and SM5 (40/0.04; full WL) files.
A single experienced operator performed all preparation procedures, and only new instruments were used. Apical patency was established with a 10 K-file (Dentsply Maillefer) just beyond the WL between each preparation step. Canals were irrigated with 1.0 mL sterile water using 30G Max-i-Probe needle (Dentsply Rinn; Elgin, IL, USA) placed to a depth immediately short of binding. After the completion of each preparation, the canal was irrigated with 1.0 mL sterile water and post preparation images were acquired, as described previously.
Image processing and analysis
Filtering, registration, segmentation and extraction of attributes from the acquired images were performed using an open source software (FIJI) and its associated plugins 15 . Image processing and analysis was based on a previously published methodology 14 . In short, the images were first converted to 8-bit grayscale. Then, each pair of image (before and after canal preparation) was registered using the "Rigid Registration" plugin. An iterative polygon tracing tool was used as a threshold method to segment each canal (sound and instrumented) from the background. Canal boundaries were visually determined by the user aided by an automatic edge-segmentation algorithm. After tracing, a simple binarization scheme (0 for background, 255 for the defined polygon) was applied and, after that, a skeletonization algorithm was applied to the segmented images. This algorithm finds the centerlines (skeleton) in segmented images by applying binary thinning procedures (symmetrical erosion) 16 . The distance (in mm) between each XY coordinate in the sound and in the instrumented skeleton images were calculated using the following formula:
where x b and y b are coordinates for the sound canal and x i and y i are coordinates for the instrumented canal. Figure 1 shows images taken before and after preparation and the corresponding centerlines obtained after the analysis.
The transportation measurements were converted from pixels to millimeters (mm) with the aid of a microscope magnification scale. After that, the transportation values were quantified for the complete canal or for two independent regions (straight and curved parts), as depicted in Figure 2 .
Statistical analysis
Quantification of deviation by pixels resulted in a great number of data points (straight canal part = 21,960 and curved canal part = 33,600). In this study, each pixel was considered as a unit for statistical analysis. Considering the data size, a bell-shaped distribution has been assumed, and a Univariate analysis of variance (two-way) procedure, with a significance level of α = 5%, has been selected considering root canal portion and instrumentation systems as independent variables and canal transportation (in mm) as the dependent. Tukey Honestly Significant Difference test was used for pair-wise comparisons.
Results
The control group showed no canal transportation, confirming the consistency and the reliability of the current methodology. As seen in Table 1 , canal transportation was significantly influenced by the different instrumentation systems (P = .00). Compared with the straight part of the root canal, transportation values were increased at the curved canal parts (P = .00) for all instrumentation systems. When all canal extension was considered, TFA system induced the lowest mean of canal transportation followed by PTN, R, WO and PTU systems. However, a significant interaction between canal part and instrumentation system was found. At the straight portion, R and TFA systems produced similar transportation (P > .05), which was significantly lower than WO, PTN and PTU systems (P = .00); at the curved part, TFA system resulted in the lowest canal transportation followed by PTN, R, WO and PTU systems (P = .00). Figure 3 illustrates transportation values for each used system in each part of the simulated canal. Table 1 -Canal transportation after large apical preparations using different instrumentation systems. 
Discussion
Biomechanical preparation during root canal treatment is aimed to prevent or eliminate apical periodontitis, contributing to higher endodontic predictability 17 . Recent scientific evidence shows that larger apical preparations presents several advantages, such as increasing the irrigant solution volume at the apical third of the root canal system 13, 18 , more debris elimination and a reduction of non-instrumented areas in the root canals 19, 20 . Moreover, the increase in apical diameter is related to a reduction in bacterial population and improved canal filling procedures [11] [12] [13] . However, it is certainly not an easy clinical task to achieve a larger apical diameter, especially in curved, narrow and long canals. One major point of concern is associated with the higher incidence of mishaps such as canal transportation, which can occur during preparation of curved canals 2, 3 . Thus, it is relevant to assess the efficacy of root canal preparation instruments. Therefore, the current study compared the ability of PTU, PTN, R, WO and TFA systems in maintaining the original canal anatomy after large apical preparations.
The standardization of the experimental design is important during the evaluation of the shaping ability of different NiTi systems. However, due to the great number of confounding variables present in the experimental design of the commercially available instruments such as the manufacturing process, the number of files and kinematics, it is not always possible to isolate the influence of each variable on the obtained results.
Overall, the findings of the present study showed that the TFA system presented lower canal transportation than the other systems tested. The null hypothesis was then rejected. Previous studies have already shown that the TFA system induced lower canal transportation and produced a better centering ability when compared to rotary 14 and reciprocating systems 10, 21 . This result may be explained by the TFA system unique design features (special surface conditioning, R-phase heat treatment and twisting of the metal) 9,10 associated with its lower taper (0.04). Regarding the adaptive motion, Silva et al. 14 (2015) evaluated canal transportation using Twisted File system both in adaptive and in rotary motions and concluded that the latter produced overall lower canal transportation 10 . Therefore, this new kinematics cannot be Braz J Oral Sci. 15(3):221-225 considered as the solely factor influencing the good results of TFA system herein. On the other hand, the PTU system exhibited the worst results, showing higher canal transportation, which are in agreement with previous studies 5, 14 . Some aspects might give some rationale to support these results. First, the PTU system used seven instruments to prepare the canals. In addition, it is conceived that the PTU system has a tendency to straighten curved canals causing transportation toward the furcation at the middle-coronal thirds and toward the outer aspect of the curvature at the apical third 22 . Although R and WO systems have some similarities, such as the reciprocating motion and the M-wire NiTi alloy, R system showed less transportation in the straight portion and when all canal was considered. These results may be explained by differences in the cross-sectional design: the larger cross-sectional area of W system influences the bending resistance of the instrument, making it less flexible and increasing the straightening tend in curved canals 23 . The results obtained by the PTN system may be explained by the use of a progressive tapers on a single file and the unique offset mass of rotation. This design serves to minimize the contact between a file and dentine, decreasing dangerous taper lock, screw effect and root canal transportation.
Simulated curved canals in clear resin blocks were used in the current study. This method has been previously validated in order to evaluate the centering ability and canal transportation provided by endodontic instruments 3, 14 . In addition, it is particularly attractive due to the possibility of standardizing the full canal anatomy. Nevertheless, the use of resin blocks has a few disadvantages such as micro-hardness differences between the resin material and the root dentin, and the possible side effects created by heat generated during preparation procedures, which may soften the resin, leading to binding of the cutting blades and enhancing the chance of instrument fracture 24 . Thus, care should be taken before extrapolating these results directly to a clinical situation.
The present investigation used a recent described methodology to study transportation in simulated curved canals by confronting images before and after canal preparation 14 . This procedure has the potential to reduce the bias related to the subjective operatorbased image superimposition schemes and evaluation of canal transportation, once it is almost not dependent on user input and also provides information from the whole canal length, and not only from selected slices. Although the bi-dimensional approach can be considered a limitation of this method, it is of outmost importance to state that current three-dimensional-based techniques used to assess canal transportation have not yet provided fully quantitative volumetric data 10, 25 , which again results in the evaluation of limited slices and manual selection of gravity center points.
Conclusions
Under the conditions of this study, it can be concluded that TFA system produced less canal transportation than the other systems tested during large apical preparations.
